Recently, several high-impact reviews suggest that regular aerobic exercise is beneficial for maintaining cognitive function in aging adults. Higher cerebral blood flow and/or cerebrovascular reactivity may explain the favorable effect of exercise on cognition. In addition, prostaglandin-mediated vasodilator responses may be influenced by regular exercise. Therefore, our purpose was to evaluate middle cerebral artery (MCA) vasodilator responses in healthy adults before and after cyclooxygenase inhibition. A total of 16 young (26 Ϯ 6 yr; 8 males, 8 females) and 13 older (64 Ϯ 6 yr; 7 males, 6 females) healthy adults participated in the study. Aerobic fitness was determined by maximal aerobic capacity (V O2max) on a cycle ergometer. MCA velocity (MCAv) was measured at baseline and during stepped hypercapnia (2%, 4%, and 6% FI CO 2 ) before and after cyclooxygenase inhibition using indomethacin. To account for differences in blood pressure, cerebrovascular conductance index (CVCi) was calculated as MCAv/mean arterial pressure. Cerebrovascular reactivity slopes were calculated from the correlation between either MCAv or CVCi and end-tidal CO 2. Young adults demonstrated greater MCAv reactivity (1.61 Ϯ 0.17 vs. 1.06 Ϯ 0.15 cm·s Ϫ1 ·mmHg Ϫ1 ; P Ͻ 0.05) and CVCi reactivity (0.015 Ϯ 0.002 vs. 0.007 Ϯ 0.002 cm·s Ϫ1 ·mmHg Ϫ1 ; P Ͻ 0.05) compared with the older adults. There was no association between cerebrovascular reactivity and V O2max in the combined group of subjects; however, in older adults MCAv reactivity was correlated with maximal aerobic fitness (r ϭ 0.64; P Ͻ 0.05). Furthermore, the change in MCAv reactivity (between baseline and indomethacin trials) was also associated with V O2max (r ϭ 0.59; P Ͻ 0.05) in older adults. Cerebral vasodilator responses to hypercapnia were associated with maximal aerobic capacity in healthy older adults. These results may explain the physiological link between regular aerobic exercise and improved cognitive function in aging adults. cerebral blood flow; aging; aerobic fitness; prostaglandins REDUCTIONS IN CEREBRAL BLOOD FLOW and cerebral vasodilator responses in aging may precede the onset of cognitive impairment in humans. Importantly, cerebral vessel responsiveness to vasodilator and vasoconstrictor stimuli is associated with known Alzheimer's disease pathologies such as white matter hyperintensities (15), and ␤-amyloid deposition (20). Therefore, understanding the mechanisms underlying changes in cerebral blood flow is essential for determining effective interventions to maintain or prevent the impairment in cerebral blood flow regulation.
REDUCTIONS IN CEREBRAL BLOOD FLOW and cerebral vasodilator responses in aging may precede the onset of cognitive impairment in humans. Importantly, cerebral vessel responsiveness to vasodilator and vasoconstrictor stimuli is associated with known Alzheimer's disease pathologies such as white matter hyperintensities (15) , and ␤-amyloid deposition (20) . Therefore, understanding the mechanisms underlying changes in cerebral blood flow is essential for determining effective interventions to maintain or prevent the impairment in cerebral blood flow regulation.
Regular exercise and high levels of physical activity are associated with reduced rates of mild cognitive impairment (MCI) and Alzheimer's disease (12) . Furthermore, in patients with MCI, standard walking training has been shown to improve cognitive function (3, 16) . In addition, men who have higher aerobic capacity demonstrate slower age-related reductions in cerebral blood flow compared with untrained men (1) . Regular physical activity is also associated with substantially reduced risk of vascular disease, which can be attributed to improved or maintained microvascular function (10, 11, 13) . The cerebral microvasculature vasodilates in response to hypercapnia, and endothelial-derived relaxing factors likely play a key role in regulating cerebral microvascular function. The use of cyclooxygenase (COX) inhibitors in our laboratory, as well as others, has clearly shown that vasodilating prostaglandins participate in cerebral vasodilatory responses to hypercapnia (4, 22) . However, whether the contribution of prostaglandins to the cerebrovascular response to hypercapnia is influenced by aerobic fitness is unknown. Therefore, our purpose was to evaluate cerebral vasodilator responses in young and older adults to explore a potential association of these responses with aerobic fitness. A secondary aim was to evaluate the association between the change in cerebral vasodilator responses after COX inhibition.
MATERIALS AND METHODS
Subjects. Twenty-nine volunteers, including 16 young (aged 18-34 yr) and 13 older (aged 55-77 yr) healthy adults, participated in the study. Subjects were nonsmoking, nonobese (body mass index Ͻ30 kg/m 2 ), normotensive, and did not have any underlying cardiovascular, metabolic, or other chronic pathologies (as determined by a health questionnaire and a brief clinical assessment). Blood samples were obtained after a 12-h fast. Prescription and over-the-counter medications were reviewed by a physician. Subjects were not taking antihypertensive medication or any other vasoactive medications other than statins (2 older male subjects). In addition, the use of any vitamins, antioxidant supplements, and nonsteroidal anti-inflammatory drugs (NSAIDs) were restricted for 10 days prior to the screening blood draw and experimental study day. All subjects were inactive or recreationally active (no structured training in the past 3 mo). Older female subjects were postmenopausal and were not on hormone replacement therapy. Young female subjects were studied in the early follicular phase of the menstrual cycle or the low-hormone phase of oral contraceptives. Informed written and verbal consent was obtained and subjects were familiarized with experimental conditions during an initial screening visit. All procedures had ethical approval from the Institutional Review Board of the Mayo Clinic and were performed according to the Declaration of Helsinki, including written informed consent.
Maximal aerobic capacity/V O2max test. All healthy young and older subjects completed a maximal aerobic capacity test (V O2max test) using cycle ergometry (Lode B.V., Groningen, the Netherlands). V O2 was measured using a calibrated pneumotach to measure ventilation and mass-spectrometer determinations of gas concentrations (Ultima Series; Medgraphics, St. Paul, MN). Exercise workload was increased by 20 -30 watts every minute until exhaustion. The criteria for an acceptable test were as follows: failure to increase V O2 with an increasing workload, a respiratory exchange ratio greater than 1.10, and a maximal heart rate value within 10 beats of age-predicted maximum. All subjects met the criteria for an acceptable V O2max test.
Experimental protocol. The cerebral blood flow velocity experiments were conducted at least 48 h after V O2max testing. Subjects arrived in the morning to the Clinical Research Unit after an overnight fast. Arterial blood pressure was monitored noninvasively using finger photoplethysmography (Finometer; TPD Biomedical Instrumentation, Amsterdam, the Netherlands). Heart rate using a standard three-lead ECG and oxygen (O2) saturation using pulse oximetry were monitored continuously throughout the study (Cardiocap/5; DatexOhmeda, Louisville, CO). During the stepped hypercapnia trials, breath-by-breath end-tidal CO2 (ETCO2; Cardiocap/5, DatexOhmeda) was recorded.
Cerebral blood flow velocity. Subjects were imaged using a 2-MHz Doppler probe (Transcranial Doppler, Neurovision System; Multigon, Yonkers, NY) to estimate right middle cerebral artery (MCA) blood flow velocity and to determine the optimal placement and settings for continuous monitoring. The probe was secured with a headband device to maintain the proper position and angle throughout the protocol (4) .
Stepped hypercapnia trials. The hypercapnic responses were assessed using a steady-state, open-circuit technique (4a). Subjects were in a semi-reclined position on a hospital bed with a mask covering their nose and mouth; the mask was attached to a one-way Hans Rudolph valve to prevent rebreathing. In each hypercapnia trial, after breathing room air, three stepwise ETCO2 elevations were applied to each subject by adding 2%, 4%, and 6% fractional concentrations of inspired CO2 (FICO 2 ) for 3 min each, while the oxygen content was maintained at 21% and balanced by nitrogen as described previously (4, 22) . Cerebrovascular reactivity was calculated from the slope of the relationship between MCA velocity (MCAv) and ETCO2. In our laboratory, the coefficient of variation in calculated cerebrovascular reactivity between trials was 15 Ϯ 4% (4). Cerebrovascular conductance index (CVCi) reactivity was calculated from the slope of the relationship between CVCi [MCAv/mean arterial pressure (MAP)] and ETCO2.
Drug administration. Indomethacin, a COX inhibitor, was given orally at 1.2 mg/kg along with 10 ml simethicone (Maalox) to reduce possible stomach irritation. One hypercapnia trial was completed after an initial 3-min baseline MCAv assessment, and the second hypercapnia trial was completed 90 min after drug administration (22) .
Data analysis and statistics. Data were collected at 250 Hz and analyzed off-line using signal processing software (Windaq; DATAQ Instruments, Akron, OH). Beat-by-beat hemodynamic measurements were averaged over the final minute of room air breathing and at each level of hypercapnia. The linear slopes of the relationships between ETCO 2 and MCAv or cerebrovascular conductance index (CVCi ϭ MCAv/MAP) were calculated to estimate cerebrovascular reactivity using linear regression. Subject demographics and baseline characteristics were compared using a one-way ANOVA. Primary variables of interest were compared between groups (young vs. old) and condition (control vs. indomethacin) using a two-way repeated-measures ANOVA followed by Tukey's post hoc analysis. Pearson product moment correlations were used to determine the association between V O2max and measures of cerebrovascular reactivity. Significance was set a priori at P Ͻ 0.05. Table 1 , older subjects had higher fasting blood glucose levels compared with younger subjects (P Ͻ 0.05); however, these values were still within the normal range. As expected, V O 2max values were greater in young subjects compared with older subjects. Also, a subset of this subject group had participated in a previously published study (4) .
RESULTS

As shown in
MCAv and CVCi during baseline (breathing room air) were lower in healthy older adults compared with young adults (Table 1) . Similarly, MCAv and CVCi reactivity to hypercapnia (cerebrovascular reactivity) were both significantly lower in older adults (Table 1) There was no association between maximal aerobic capacity and baseline MCAv or CVCi values at rest in young or older adults (although the correlation with MCAv in older adults was approaching significance; P ϭ 0.09). In addition, there were no associations between maximal aerobic capacity and MCAv reactivity to hypercapnia in young adults; however, there was a significant positive correlation between maximal aerobic capacity and MCAv reactivity in older adults (Fig. 1) . The association between aerobic capacity and CVCi reactivity in older adults only approached significance (r ϭ 0.32, P ϭ 0.09).
To look at the potential association between the role of prostaglandins in cerebrovascular reactivity and aerobic fitness, we examined the change in reactivity between the control and indomethacin conditions. In the combined group, ⌬MCAv reactivity and ⌬CVCi reactivity were not correlated with V O 2max . However, in older adults, V O 2max was positively associated with ⌬MCAv reactivity (r ϭ 0.59; P Ͻ 0.05; Fig. 2 ) but not ⌬CVCi reactivity (r ϭ 0.54; P ϭ 0.06). Thus the older individuals with higher fitness demonstrated a larger reduction in cerebrovascular reactivity after blunting prostaglandin production with indomethacin. 
DISCUSSION
We found that cerebrovascular reactivity to hypercapnia is correlated with maximal aerobic capacity in older healthy adults, but not in young adults. However, our most salient finding from the present study is that the magnitude of change in cerebrovascular reactivity after COX inhibition was positively correlated with maximal aerobic capacity in older, but not young, adults. Collectively, these results suggest higher levels of physical activity in older adults are associated with a beneficial effect on cerebral vasodilator responses, highlighting the importance of being physically active and maintaining aerobic fitness throughout the lifespan. Furthermore, these results may partially explain how regular aerobic exercise is physiologically linked to improved cognitive function.
Our finding that a greater magnitude of change in cerebral vasodilator responses to hypercapnia is associated with higher aerobic fitness in older adults is especially novel in that it provides a potential mechanism for the apparent preservation of cerebrovascular reactivity in older, more physically fit adults. Prostaglandin synthesis and availability may be upregulated or the balance of prostaglandins may favor vasodilation in more physically fit adults. Prostacyclin interacts with adenylate cyclase enzyme and is therefore important in regulating vascular tone and blood flow. Previous studies have reported that endurance training increases prostacyclin release during exercise in healthy young men (23) and lowers thromboxane in adults with hypertension (14) . Additionally, prostacyclin release during exercise is associated with aerobic fitness in young men (23, 24) . It should be noted that the subjects in our study were recreationally active and not engaged in any structured endurance training program. We might expect more robust associations if endurance trained older adults were included. Along these lines, similar studies have reported that cerebral blood flow characteristics are associated with aerobic fitness. Ainslie, et al. (1) demonstrated that cerebral blood flow velocity was higher in endurance trained men and that, at any age, endurance trained men had ϳ9 cm/s greater MCA velocity compared with untrained men. Similarly, in postmenopausal women, CVCi was higher in those who were more physically active, and it was associated with maximal aerobic capacity (5) . In the present study, we did not see a correlation between MCAv or CVCi values at rest and aerobic capacity, although the relationship in older adults was approaching significance (P ϭ 0.09).
The positive association between cerebral vasodilator responses to hypercapnia and aerobic fitness in older adults in Fig. 1 . Maximal aerobic capacity (V O2max) is positively associated with cerebrovascular reactivity [middle cerebral artery velocity (MCAv) reactivity to hypercapnia] in older adults (right) but not young adults (left). Fig. 2 . Maximal aerobic capacity (V O2max) is positively associated with the change in cerebrovascular reactivity between the control and indomethacin conditions (⌬MCAv reactivity) in older adults (right) but not young adults (left). We examined the potential role of prostaglandins to determine whether individuals with higher aerobic fitness also had the largest decrease in cerebrovascular reactivity after cyclooxygenase inhibition.
this study suggests that regular exercise may affect or even improve the ability of cerebral microvessels to respond to vasodilatory stimuli. In young adults, however, cerebrovascular reactivity was not associated with aerobic fitness. It is possible that this is due to our small subject number and the fact that we did not include individuals who were endurance trained. However, similar peripheral vasodilator responses between endurance-trained and untrained young men have been shown in the forearm (8) . In addition, emerging evidence suggests that short-term exercise training elevates cerebrovascular reactivity in both young and older adults, although the mechanism for improvement is unclear (17) . Taken together, this suggests that young adults may already have optimal (or near optimal) vasodilator function, and therefore lifestylerelated habits have less of an influence on vasodilator responses.
In addition to vasodilating prostaglandins, other mechanisms related to the association between cerebral vasodilator responses and aerobic fitness may be involved. For example, after a year of moderate aerobic training in humans, the change in V O 2max was positively associated with changes in hippocampal volume in older adults (9) . Interestingly, the increase in hippocampal volume was associated with higher levels of brain-derived neurotrophic factor (BDNF) (9) . BDNF is necessary for neuronal growth and supports existing neurons, and these neuronal effects are regulated by nitric oxide (6) . After endurance training, Seifert, et al. (18) reported that training enhances the release of BDNF from the brain. When BDNF is blocked in rats, the exercise-mediated increases in learning and memory were abolished, indicating BDNF may be necessary for these exercise benefits (21) . However, it is unclear how these pathways interact with prostanoid mechanisms in contributing to exercise-or fitness-related changes in the cerebral circulation.
Our findings have particular relevance to recent studies demonstrating a beneficial effect of regular exercise and high levels of aerobic fitness on cognitive function in older adults (2, 16) . We speculate that enhanced cerebral blood flow at rest and cerebral vasodilator function with regular exercise may explain some of the cognitive benefits. In this context, Brown, et al. (5) reported a positive association between cerebrovascular conductance and aerobic fitness in older women and also found that cerebrovascular conductance was a predictor of cognitive function. A recent review suggested cerebral blood flow responsiveness to stimuli is a key link between aerobic fitness and cognition, promoting the usefulness of vascular reactivity measurements to assess cerebrovascular function (7); however, this has not yet been systematically investigated.
There are a number of methodological limitations in this study that warrant discussion. First, this study investigated potential correlations between cerebral hemodynamics and fitness before and after a drug blockade. Therefore, cause and effect cannot be determined. Second, we had a small number of nonexercise trained subjects of both sexes and varying fitness levels. We expect that the inclusion of endurance-trained older adults would strengthen the associations reported; however, including trained older adults would introduce selection bias because these individuals typically have better overall health/ lifestyles and limit the generalizability of our study. Furthermore, the information on healthy, minimally active, and recreationally active older adults in our study is especially relevant to those who may be at risk for cognitive decline. The adults in our study were not competitive athletes but were likely those that strive to meet the recommended amount of physical activity. Finally, the use of transcranial Doppler does not provide direct measurements of cerebral blood flow, and we used MCAv to quantify changes in cerebral hemodynamics. However, this limitation is well known and MCAv is considered a reliable indicator of cerebral blood flow at rest and in response to hypercapnia (19) . There is a substantial amount of heterogeneity within the cerebral circulation, and while the MCAv is considered an indicator of global flow, it is unclear if the associations reported are regionally specific.
In conclusion, cerebral vasodilator responses to hypercapnia were associated with maximal aerobic capacity in older healthy adults. In addition, the magnitude of change in cerebrovascular reactivity (after COX inhibition) was positively correlated with maximal aerobic capacity again in older adults. Taken together, higher levels of physical fitness are associated with a beneficial effect on cerebral vasodilator responses, which may be mediated by prostaglandin regulation. Importantly, because adequate cerebral blood flow is critical for brain metabolism, impaired cerebrovascular regulation will likely affect cognitive abilities. In this context, our results may partially explain the physiological link between exercise and improved cognitive function and promote the use of behavioral interventions to diminish the rates of cognitive decline in aging adults.
